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$V\VWHPDWLFVWXG\RIWKHHIIHFWVRIVXFKDVWDELOL]LQJPHWKRGLQDFOD\VKDOHIRUPDWLRQZLGHVSUHDGLQWKH,WDOLDQ
$SHQQLQHVKDVEHHQ UHFHQWO\ LQLWLDWHGZLWK WKHDLPRIFRQWUROOLQJERWK VKHDU VWUHQJWKSDUDPHWHUVDQGH[FHVVSRUH







LWV LQIOXHQFH RQ VRLO EHKDYLRXU KDV EHHQ IRXQG VWURQJ LQ WKH ZKROH UDQJH RI WKH ILHOG QDWXUDO YDULDWLRQ ,WV
FRQFHQWUDWLRQ UHGXFWLRQFDQEHK\SRWKHVL]HGDVRQHRI WKHFDXVHVRI WKH VRLOPHFKDQLFDOGHWHULRUDWLRQ >@2Q WKH
RWKHUVLGHODERUDWRU\WHVWUHVXOWVVKRZWKDWH[SRVXUHWRFRQFHQWUDWHG.&OVROXWLRQVPDNHVVKHDUVWUHQJWKSDUDPHWHUV
RI WKH VRLO LQFUHDVH JUHDWO\ DQG SHUPDQHQWO\ >@ ,Q RUGHU WR HYDOXDWH WKH ILHOG HIIHFWV RI H[SRVXUH WR.&O DQ
H[SHULPHQWDWLRQKDVEHHQUHFHQWO\LQLWLDWHGLQWKHKHDG]RQHRIWKH&RVWDGHOOD*DYHWDHDUWKIORZ6RPHERUHKROHV
GHHSHU WKDQ WKH VOLS VXUIDFH KDYH EHHQ ILOOHG ZLWK .&O JUDLQV VRPH RWKHUV DUH XVHG WR PRQLWRU JURXQGZDWHU
FRPSRVLWLRQ DQG WR LQGXFH K\GUDXOLF JUDGLHQWV ZKLFK VKRXOG GULYH ZDWHU IORZ DQG LRQ WUDQVSRUW 3LH]RPHWHUV
WHQVLRPHWHUVDQGLQFOLQRPHWHUVKDYHEHHQLQVWDOOHGWRPRQLWRUWKHLQWHUYHQWLRQHIIHFWV
6RLOSURSHUWLHVDQGVRLOLPSURYHPHQWE\.&OWUHDWPHQWODERUDWRU\UHVXOWV
&RVWD GHOOD *DYHWD VXEVRLO LV FKDUDFWHUL]HG E\ YDOXHV RI FI! 7KH FOD\ IUDFWLRQ LV FRQVWLWXWHG E\ LOOLWH
PXVFRYLWH NDROLQLWH DQG VPHFWLWH LQ SHUFHQWDJHV YDULDEOH IURP VLWH WR VLWH >@ 3RUH IOXLG FRPSRVLWLRQ KDV EHHQ
VKRZQWRLQIOXHQFHJUHDWO\WKHVRLOPHFKDQLFDOEHKDYLRU>@3RUHIOXLGFRPSRVLWLRQZDVGHWHUPLQHGRQD
ODUJHQXPEHURIVDPSOHV$JLYHQZHLJKWRIGULHGPDWHULDOZDVSRZGHUHGDQGWKHQK\GUDWHGZLWKDJLYHQZHLJKWRI





P DQG LW LV VDWXUDWHGEHORZ7KHZDWHU FRQWHQWV RI WKH VDWXUDWHG VRLO LQ WKH ODQGVOLGHERG\RI WKHKHDGZKLFK LV
DERXWPWKLFNDUHQRWLFHDEO\KLJKHUWKDQWKRVHRIWKHXQGHUO\LQJVWDEOHVRLO,QWKHFKDQQHOWKHVRLOLVVDWXUDWHG
IURP WKH JURXQG DQG ZDWHU FRQWHQW YDULDWLRQ LV PRUH JUDGXDO 1D LV WKH SUHYDLOLQJ FDWLRQ LQ DQ\ YHUWLFDO LWV
FRQFHQWUDWLRQLQFUHDVHVZLWKGHSWKWRYDOXHVW\SLFDORIVHDZDWHU,QERUHKROH,EWKLVRFFXUVDWDGHSWKRIDERXW
P&DLVFKDUDFWHUL]HGE\QRWLFHDEOHFRQFHQWUDWLRQLQWKHXSSHUVRLOSUREDEO\DVDQHIIHFWRIWKHSUHVHQFHRIPDQ\
IUDJPHQWV RI WKH&RUOHWR3HUWLFDUD OLPHVWRQH IRUPDWLRQ. FRQFHQWUDWLRQ LV QHJOLJLEOH HYHU\ZKHUH7KHREVHUYHG
FRQFHQWUDWLRQSURILOHVLQGLFDWHFRQGLWLRQVIDUIURPFKHPLFDOHTXLOLEULXP,QWKHYLFLQLW\RIWKHJURXQGVXUIDFHZDWHU
DGVRUSWLRQ GXH WR H[SRVXUH WR UDLQ DQG RWKHU WUDQVSRUW SKHQRPHQD DUH OLNHO\ WR KDYH FDXVHG D GHFUHDVH LQ 1D
FRQFHQWUDWLRQ LQ WKH SRUH IOXLG WKXV GHWHUPLQLQJ FKHPLFDO SRWHQWLDOV ORZHU WKDQ WKRVH RI WKH GHHSHU VRLO 7KH
FKHPLFDO JUDGLHQWV LQ WXUQ FDQ LQGXFH LRQ GLIIXVLRQ WRZDUGV WKH VXUIDFH DQGRU ZDWHU IORZ GRZQZDUGV %RWK
SURFHVVHVFDXVHDUHGXFWLRQLQSRUHVROXWLRQFRQFHQWUDWLRQDQGWKHUHIRUHDOVRDGHFUHDVHLQVKHDUVWUHQJWK>@
$FRPSDQLRQSDSHUSUHVHQWHGDW WKLVFRQIHUHQFH>@VKRZVH[SHULPHQWDOGDWD UHODWLYH WR WKHUHFRQVWLWXWHGDQG
XQGLVWXUEHG VRLO ZKLFK KLJKOLJKW WKH GHSHQGHQFH RIM¶U RQ1D FRQFHQWUDWLRQ LQ WKH SRUH VROXWLRQ 7KH$XWKRUV
K\SRWKHVL]HGWKDWGXHWRWKHLRQFRQFHQWUDWLRQYDULDWLRQVM¶UUDQJHVEHWZHHQDQGDORQJWKHVOLSVXUIDFH
1DWXUDO SURFHVVHV RFFXUULQJ DW&RVWD GHOOD *DYHWD  VXFK DV H[SRVXUH WR UDLQ FRQWDFW ZLWK PRUH SHUPHDEOH
DTXLIHUV XQORDGLQJDQG IUHVKZDWHUDGVRUSWLRQ  LQGXFH IXUWKHU1DGHFUHDVHDQG WKXV VKHDU VWUHQJWKGHFUHDVH ,Q
RUGHUWRHYDOXDWHKRZWRLQYHUWWKHSURFHVVDQGPDNHWKHVRLOLPSURYHPHQWSURFHGXUHDVHIILFLHQWDVSRVVLEOHPDQ\
ODERUDWRU\DQGILHOGWHVWVDUHEHLQJFDUULHGRXW ,QSDUWLFXODUPDQ\VSHFLPHQVKDYHEHHQH[SRVHGWRFRQFHQWUDWHG
.&OVROXWLRQV LQ WKHFRXUVHRIVKHDU WHVWV7KH WHVWVZHUHFDUULHGRXWE\ WKH%LVKRSDQG WKH%URPKHDGULQJ VKHDU
GHYLFHV DQG WKH&DVDJUDQGH GLUHFW VKHDU ER[ DW GLVSODFHPHQW UDWH Y   PPPLQ LQ WKH&DVDJUDQGH DQG%LVKRS
GHYLFHVDQGY PPPLQLQWKH%URPKHDGDSSDUDWXV)LJXUHDVKRZVWKHUHVXOWVREWDLQHGIRUDVSHFLPHQZKLFK
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UHFRQVWLWXWHGZLWKGLVWLOOHGZDWHUDQGLQLWLDOO\LPPHUVHGLQGLVWLOOHGZDWHUZDVH[SRVHGWRD0.&OVROXWLRQLQWKH
FRXUVHRIDVKHDUWHVW LQWKH&DVDJUDQGHGHYLFH7KHH[SRVXUHSURGXFHGDIDVW LQFUHDVH LQVWUHQJWKWRYDOXHVPXFK
KLJKHUWKDQWKRVHREWDLQHGLQZDWHU$QDORJRXVUHVXOWVZHUHREWDLQHGIRURWKHUVSHFLPHQVRIWKHVDPHPDWHULDO
)XUWKHUPRUH LWZDV VKRZQ >@ WKDWRQH[SRVXUH WRGLVWLOOHGZDWHU VXEVHTXHQW WR WKH.&O WUHDWPHQW WKH VKHDU
VWUHQJWKH[KLELWHGRQO\DQHJOLJLEOHGHFUHDVH WKXVVXJJHVWLQJ WKDW LRQH[FKDQJH WRRNSODFHFDXVLQJDPHFKDQLFDO
LPSURYHPHQWZKLFKKDVEHHQVKRZQWREHLUUHYHUVLEOHLQWKHDGRSWHGWHVWFRQGLWLRQV>@
)LJXUHESORWV WKH UHVLGXDO IULFWLRQDQJOHM¶U DJDLQVWSRUH VROXWLRQPRODULW\ IRU WKUHHGLIIHUHQWSRUH VROXWLRQV
1D&OXQGLVWXUEHGQDWXUDOVROXWLRQDQG.&OVROXWLRQV7KHQDWXUDOSRUHVROXWLRQLVSUDFWLFDOO\D1D&OVROXWLRQ>@
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VOLS VXUIDFH LV DERXW  P GHHS LQ WKH LQFOLQRPHWHU ,E DQG  P GHHS LQ , 7KH DYHUDJH \HDUO\ GHHS
GLVSODFHPHQWUDWHLVVRPHFP\HDULQWKLV]RQHDERXWFP\HDULQ,7KHH[SHULPHQWDOILHOGFRYHUVDQDUHDRI
P(OHYHQKROHVZLWKGHSWKVEHWZHHQPDQGPZHUHGULOOHGDWDGLVWDQFHRIDERXWP.LKROHVLQ)LJ
 7KHVH KROHV VWDELOL]HG E\ QRQWR[LF 39& MDFNHW VORWWHG WXEHV LQQHU GLDPHWHU PP WKLFNQHVV  PP DUH
SHULRGLFDOO\ ILOOHGZLWKJUDQXODUSRWDVVLXPFKORULGHRID W\SHZLGHO\XVHGDVD IHUWLOL]HU LQDJULFXOWXUH*LYHQ WKH
SUHVHQFHRIZDWHULQWKHKROHVIURPDERXWPGHSWKIURPWKHJURXQGDFRQFHQWUDWHGVROXWLRQIRUPVIURPZKLFKE\
GLIIXVLRQ DQG RWKHU W\SHV RI WUDQVSRUW WKH LRQV SURSDJDWH LQ WKH VXUURXQGLQJ VRLO SURGXFLQJ DQ LQFUHDVH LQ LRQLF
FRQFHQWUDWLRQDQGWKHUHIRUHUHDVRQDEO\DOVRDVKHDUVWUHQJWKLQFUHDVH>@
7RPRQLWRUWKHWHVWILHOGDSLH]RPHWULFWXEHPGHHSDQGDQHOHFWULFSLH]RPHWHUDWPGHSWKZHUHLQVWDOOHG
7ZR WHQVLRPHWHUV 70 DQG 79 ORFDWHG UHVSHFWLYHO\ XSVORSH DQG GRZQVORSH IURP WKH .L KROHV DOORZ VXFWLRQ
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WR SRUH LRQ FRQFHQWUDWLRQ LQFUHDVH VHHPV XQOLNHO\ 7KH H[SHULPHQWDO LQVWDOODWLRQ LV FXUUHQWO\ EDVLFDOO\ XVHG WR
LGHQWLI\ WKH PRVW VXLWDEOH SURFHGXUHV WR LQFUHDVH WKH UDWH RI LRQ SURSDJDWLRQ LQ WKH SRUH VROXWLRQ RI WKH VRLO
VXUURXQGLQJWKHVOLSVXUIDFH7KXVLQWKLVSKDVHRIWKHH[SHULPHQWDWLRQWKHSRWDVVLXPFKORULGHKDVEHHQSXWLQWKH
KROHV.ELV.ELV..ELVDQG.ZKLOH WKHRWKHUKROHVDUHFXUUHQWO\XVHG IRUK\GUDXOLF WHVWVDVZHOO DV IRU
SHULRGLFZDWHUVDPSOLQJDQGHYDOXDWLRQRILWV LRQFRQFHQWUDWLRQ7KHK\GUDXOLFWHVWVDUHFDUULHGRXWZLWKWZRPDLQ
SXUSRVHVLWRIDVWHQLRQDGYHFWLRQE\LPSRVLQJK\GUDXOLFJUDGLHQWVKLJKHUWKDQWKHQDWXUDORQHVDQGLLWRSHUIRUP
SHUPHDELOLW\ WHVWV LQYDULRXVK\GUDXOLFFRQGLWLRQVDQGDOVRZLWKGLIIHUHQWSRUH IOXLGFRPSRVLWLRQ)LJXUHVDQG
VKRZ VRPH ILUVW H[SHULPHQWDO UHVXOWV )LJXUH  VKRZV HYROXWLRQ RYHU WLPH RIZDWHU OHYHO LQ ERUHKROHV.ELV DQG
.ELV EHIRUH WKH LQSXW RI SRWDVVLXP FKORULGH GXULQJ D WHVW LQZKLFK WKH.ELVZDWHU OHYHO KDV EHHQ ORZHUHG RI
DERXWPE\PHDQVRIDVXEPHUVLEOHSXPSDQGWKHZDWHUVXUIDFHPRQLWRUHG7KHILJXUHVKRZVWKDW WKHERUHKROH






LQ.ELV LQFUHDVHG WR UHHVWDEOLVKHTXLOLEULXP ,Q WKHPHDQZKLOHZDWHUZDV VDPSOHGDW WKH VOLS VXUIDFH OHYHODQG
DQDO\]HG7KHUHVXOWVRIWKHFKHPLFDOLQYHVWLJDWLRQVKRZDUDSLGDQGVXEVWDQWLDOLQFUHDVHLQ.FRQFHQWUDWLRQ)LJ
FRQILUPLQJ WKHSRVVLELOLW\RI IDVWHQLQJ LRQSURSDJDWLRQVLJQLILFDQWO\ LQ WKHVRLOVXUURXQGLQJ WKHVOLSVXUIDFHE\
LPSRVLQJDSSURSULDWHK\GUDXOLFJUDGLHQWV$Q\ZD\)LJXUHVKRZVWKDWDWDERXWPRQWKVIURPWKHEHJLQQLQJRIWKH
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&RQFOXVLRQV
/DERUDWRU\ UHVXOWV VXJJHVW WKDW D WUHDWPHQW ZLWK SRWDVVLXP FKORULGH FDQ HIIHFWLYHO\ LPSURYH WKH PHFKDQLFDO
SURSHUWLHVRIWKH&RVWDGHOOD*DYHWDVRLO7RWHVWSURFHGXUHVDQGWRHYDOXDWHHIIHFWVDQGDSSOLFDELOLW\RIVXFKDW\SH
RIWUHDWPHQWDQH[SHULPHQWDOWHVWILHOGKDVEHHQUHDOL]HGLQWKH]RQHRIWKHHDUWKIORZKHDG
7KH H[SHULPHQWDWLRQ LV VWLOO LQ FRXUVH KRZHYHU VRPH LQWHUHVWLQJ UHVXOWV KDYH DOUHDG\ EHHQ IRXQG 7KH
SHUPHDELOLW\ WHVWV VKRZHG LQ IDFW WKDW WKH ERUHKROHV DUH FRQQHFWHG E\ SUHIHUHQWLDO IORZ SDWKV ZKLFK PDNH LRQ
WUDQVSRUWPXFKIDVWHUWKDQWKHRQHZKLFKFDQEHK\SRWKHVL]HGRQWKHEDVLVRIODERUDWRU\LRQGLIIXVLRQWHVWVDQG LQ




3DUW RI WKLV UHVHDUFK KDV EHHQ IXQGHG E\ WKH ,WDOLDQ0LQLVWU\ RI ,QVWUXFWLRQ 8QLYHUVLW\ DQG 5HVHDUFK 35,1
SURMHFWODQGVOLGHULVNPLWLJDWLRQWKURXJKVXVWDLQDEOHFRXQWHUPHDVXUHV
5HIHUHQFHV
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PLQHUDORJ\DQGJHRFKHPLVWU\&DQ*HRWHFK-±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